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Excited States and Photochemistry of Saturated Molecules 
Part 3.-Structure and Bonding in n-Alkane Excited States Using INDO-CI 
By PATRICK M. SAATZER, ROBERT D. KOOB ANI) MARK S. GORDON'" 
Department of Chemistry, North Dakota State University, 
Fargo, North Dakota 58102, U.S.A. 
Thc molecular structures and bond energies in the low-lying excited states of n-alkunes from 
methane to n-pentane are investigated using the semi-empirical INDO method with configuration 
interaction. In general the calculated geometries and bond energies are consistent with the known 
threshold photochemistry of these molecules, the only exception being the prediction of vicinal 
(rather than geminal) elimination ofl-I2 in ethane. It appears that INDO overestimates the amount 
of angular distortion in these excited states. 
INTRODUCTION 
111is series of papers 1, 2 represents an attempt to construct a framework within 
which an understanding of photochemical decompositions of saturated molecules 
may be developed. The first two papers of the series/' 2 as well as the present work, 
represent only a sman beginning in this direction. With this in mind we preface 
the current work with an overview of our ultimate goals. 
(1) Are the low-lying excited states bound with respect to dissociation? If not, 
what are the dissociation products? If bound, what is the structure and the nature 
ofbonding in the molecule and how do these differ from the ground state? Calculated 
bond energies 1 for the vertical states provide a partial answer to the latter question 
as well as some insight into the final structure; e.g., a bond which weakens on vertical 
excitation is likely to lengthen when allowed to relax. The more quantitative 
approach is to carry out complete geometry optimizations for each state of interest 
followed by an examination of the bonding ill bound states. In Jahn-Teller states 
tills includes investigations of distortions from the ground state symmetry. 
(2) For bound states what vibrational level(s) is the molecule most likely to 
populate? To answer this question one requires calculation of vibration wave 
functions and energy levels for ground and excited states, and subsequently a calcula-
tion of the corresponding Franck-Condon factors. Such a calculation has recently 
been performed for ethylene by Buenker and Peyerimhoff. 3 
(3) For bound states what are the dissociation barriers for various modes of 
dissociation? The answer to this question will provide considerable insight. The 
dissociation mode with the lowest barrier will, of course, correspond to the most likely 
decomposition if the lowest vibrational level of the state is populated. Thus, this 
will provide an interesting comparison with the decompositions one would predict 
on the basis of calculated bond euergies. Furthermore, knowledge of the Franck-
Condon factors will shed some light on which dissociation channels have harriers 
below the most probable vibrational levels. 
(4) For those decomposition products which are unstable, what are the barriers, 
if any, to rearranglllent to a more stable species? 
The extent to which one can expect to obtain realistic answers to these questions 
depends on the level of computation being used. For example, one cannot expect 
to predict excited state structures or bond energies with no configuration interaction, 
and it is unlikely that semi-empirical or even minimal basis set ab initio calculations 
will provide vibrational wavefunctions of sufficient accuracy. Clearly, accurate 
answers to all of these questions will require ab initio calculations with an appropriate 
level of configuration interaction (CI); however, some insight into (1) may be 
obtained with less expensive calculations. In paper 11 INDO calculations 4including 
all single excitations (INDO-SECI) were carried out on propane excited vertical 
singlet states. The calculated bond energies for the ground state and lowest two 
excited states were found to be consistent with the observed thermal and threshold 
photochemical decompositions. We emphasize the word threshold here since such 
experiments will most closely correlate with a calculation on a particular excited 
electronic state. 
In this work similar calculations are presented for the n-alkanes up to n-pentane. 
In addition, the geometry of the lowest excited singlet state of each symmetry is 
examined for each molecule. These calculations should provide at least an initial 
test of the methodology in preparation for comparisons with the corresponding ab 
initio calculations currently in progress in this laboratory. 
As for any minimal basis set calculation, INDO is not to be expected to provide 
a quantitative representation of the electronic spectra of these molecules. In small 
saturated molecules, for example, low-lying excited states are likely to be rather 
diffuse (" Rydberg-like") and a minimal basis set is not sufficiently flexible to 
reproduce this effect. For example, the lowest vertical transitions for methane and 
ethane are calculated by INDO to be 16.0 and 13.0 eV, respectively, while the 
experimental values are 9.9 and 9.2 eV. However, the quantitative reproduction of 
the spectra is not a major goal ofthis work. Rathel', as outlined above, our principal 
interest is in the structure and bonding in excited states. While the two are certainly 
connected, it is likely 5. 6 that" valence-like" antibonding orbitals become increas-
ingly important as the equilibrium structure, or dissociation limit, of the excited state 
is approached. In the limits of pure, essentially nonbonding, Rydberg orbitals and 
antibonding valence orbitals one would expect the former to be relatively unaffected 
by geometric relaxation, while the latter should ultimately correlate with bonding 
orbitals in the fragments. Thus, it is not unreasonable to investigate molecular 
structures with a minimal basis set. 
DETAILS OF THE CALCULATION 
The INDO method was used in its original parametrization,4 and all geometry 
optimizations were carried out using the method of PowelJ..7 Bond energies have 
been calculated from two-centre, one-electron interference energies as described 
previously.!' 8 If peA, B) is the calculated interference energy for an A-B bond and 
Dh is the experimental bond energy of A-B in a prototype molecule (e.g., ethane 
for C-C, ethylene for C=C), then 
N AD = _ fAA: B) (1) 
DAB 
is the normalization factor for the A-B bond type. The calculated bond energy of 
A-B in a non-prototype is given by 
DAD = 
peA, B)
---- (2) 
NAB 
~n extension of this approach is applied in the present work. For X, Y = C, N, 0, 
~-Y bond strengths and bondlengths differ considerably depending on whether 
~-y is a single or double bond. A" normal" single bond may also undergo 
onsiderable change after electronic excitation. Thus, the normalization factors for 
uch a bond in the ground state may not be appropriate in the excited state. To 
.ccount for this R-dependence, Nxy is linearly interpolated between the bondlengths 
alculated for the prototype single and double bonds. The normalization factors 8 
md corresponding bondlengths 9 have been listed in previous papers. 
For vertical excitations, configuration interaction calculations are carried out at 
wo levels: SECI and NCr. The latter corresponds to eliminating from the SECr 
:alculations those configurations which have a coefficient <0.1 in the lowest three 
,tates of a given symmetry. NCI calculations have been shown 2 to predict virtually 
he same geometries and bond energies as SECI for methylene fluoride; this approach 
:educes the computation time considerably for the larger molecules. Except for 
nethane, in which the number of configurations is small. and distorted structures, 
'or which an optimal ground state geometry is not available, all excited state geometry 
)ptilllizations have been carried out at the NCr level. 
RESULTS AND DISCUSSION 
PRELIMINARY COMPARISONS 
Unfortunately, the excited state geometries of the alkanes are not known experi-
mentally, nor have they been predicted by ab initio calculations; thus no useful 
comparisons are possible at the time of writing for these molecules. However, the 
INDO geometries of the lowest excited states of HzO have recently been calculated 
by Segal 10 and found to be in reasonable agreement with non-empirical calculations. 
While Segal's results were obtained using direct SCF calculations on the excited 
states, the SECI results are similarY The geometries of the 1 1A2 (n -) n*) state 
of formaldehyde and the 11Au state of acetylene are known experimentally lZ and 
have been calculated using STO-4G and 4--31 G basis sets as wellY These, in 
addition to the ground state geometries, are compared with the INDO results in 
table 1. The formaldehyde out-of-plane angle and the HCC angles in acetylene are 
over-estimated by INDO; however, the essential trends are well reproduced. While 
this does not mean the alkane geometries will compare similarly, the results are 
encouraging. 
The n-alkane ground state geometries predicted by INDO are listed in table 2 
and the corresponding bond energies in table 3. Some of these results have been 
presented previously 14 and are reproduced here for comparison with the excited 
state values discussed below. 
METHANE 
While the vertical spectrum of methane has received considerable attention,15 few 
papers have concerned themselves with the structure and probable decomposition 
modes of this molecule in its low-lying excited states. The threshold photochemical 
decomposition of methane yields methylene and HZ,16 
hv 
CH4 -l' CHz +H2 , (3) 
while, for the thermal reaction, dissociation to methyl radical and a hydrogen atom, 
reaction (4), appears to be as likel)' as reaction (3)Y 
A 
CH4 ~ CHs+H. (4) 
TABLE I.-FORMALDEHYDE AND ACETYLENE GEOMETRIES a 
FORMALDEHYDE 
A. ground state 
expt. • INDO STO·4G· 4·31G • 
Rco 1.203 1.249 1.211 1.206 
RCH 1.101 1.117 1.099 1.081 
a(HCH) 116.5 115.0 114.8 116.4 
B. 1 1A2 
Rco 1.312 1.286 1.307 
Rcn 1.093 1.109 1.081 
a(HCH) 119 118.5 118.7 
OJ 149 158.5 151.6 
ACETYLENE 
A. ground state 
Rcc 1.203 1.220 1.168 1.190 
RCH 1.061 1.093 1.063 1.051 
a(HCC) 180.0 180.0 180.0 180.0 
B. l 1AiC2V) 
Rcc 1.312 1.332 1.335 
Rcn 1.109 1.090 1.078 
a(HCC) 149.8 134.4 136.2 
C.I 1AII(C2h) 
Rcc 1.388 1.334 1.371 1.367 
Rcn 1.108 1.098 1.079 
a(HCC) 120 135.7 121.4 125.1 
a bond lengths in A, angles in degrees; b R. Ditchfield, J. Del Bene and J. A. Pople, J. Amer. 
Cf'em. Soc., 1972, 94, 4806. 
TABLE 2.-GROUND STATE GEOMETRIES OF n-ALKANES a 
bondlengths b CH4(Td) C 2H 6(DJd) C3HS(C2') C4H10(C21,) CsH12(C2,) 
CHp 1.116 1.123 1.123 1.124 1.124 
CHpo 1.123 1.123 1.123 
CR. 1.128 1.130 1.130 
CH.' 1.130 
CpC 1.459 1.468 1.469 1.469 
CSC. 1.479 1.480 
angles 0 
CpCsCp 113.76 
CpC.C. 114.83 114.98 
C.CsCs 115.73 
HpCX 109,47 112.23 112.91 112.92 112.63 
HpoCC 112.41 112.42 112.47 
H.CsCp 109.64 109.09 109.D7 
H.CsCs 109.72 109.67 
H.'CsC. 109.22 
a Bondlengths in A, angles in degrees. Assumed point group in parentheses. b The subscripts 
have the following meaning: p = primary; Po = out-of-plane primary where different from p 
(e.g., propane, n-butane, n-pentane); s = secondary; s' = central secondary hydrogen in CSH 12 • 
o For CH4 , X =Hp ; otherwise, X = C. 
TABLE 3.-GROUND STATE BOND ENERGIES IN n-ALKANES (eV) 
bond CI-I4 CZH 6 CJHs C4H 1O CsH12 
CHp 
CHpo 
CHs 
4.51 4.39 4.40 
4.40 
4.28 
4.39 
4.40 
4.28 
4.39 
4.40 
4.28 
CHs' 
CpC 
CsCs 
3.82 3.67 3.67 
3.50 
4.28 
3.67 
3.50 
eters 18 discussed these two possibilities for methane excited states in a qualitUlin~ 
ay, but was only able to conclude that both modes are feasible. Lindholm,'" 
sing an extension of Peters' argument rationalized reaction (3) as the more likcl> 
hato-chemical pathway. The only quantitative investigation of the problem Ita" 
een the semi-empirical valence bond approach by Karplus and Bersohn ;20 fum· 
I'er, these authors predict reaction (4) to be most likely in disagreement with the 
bserved photochemistry. 
TABLE 4.-ExCITED STATE GEOMETRIES IN METHANE tl 
1',/ 
1Tz ITI IE 2A] 
CHp 1.172 1.163 1.163 1.123 
Czv 
IBz Illl 2Al lAz 
CH 1.113 1.174 1.105 1.159 
CH' 1.354 1.188 1.223 1.168 
HCH 116.47 160.30 121.96 62.20 
H'CH' 37.22 56.83 51.92 96.14 
H'···H' 0.86 1.13 1.07 1.74 
C3v b 
2A l lAz IE 
CH 1.173 1.096 1.190 
CH' 1.166 1.190 1.170 
HCH' 82.77 131.53 126.49 
Csc 
2A' 
CH 1.414 
CH' 1.283 
CH" 1.114 
H"CH" 114.86 
H"CH' 115.31 
H"CH 122.47 
H'···R 0.87 
l7 Bondlengths in A. angles in degrees. States listed from left to right in order of increasing ene:rID· 
b H' refers to the three equivalent hydrogens in C3V • C HI! refers to the two equivalent hydroge4f'i. 
in Cs• 
II-27 
The initial INDO calculations on methane were carried out restricting the molecule 
to Td symmetry. The results are displayed in table 4, where it is seen that in the first 
three excited states the bondlengths are predicted to lengthen. Further, these three 
states are all Jahn-Teller states originating from the same set of orbital excitations; 
thus, distortion from Td symmetry in the low-lying excited states is likely. 
The next step then is to allow the geometry to relax from tetrahedral. The initial 
distortions investigated were to Czv and Csv symmetry, the results of which are listed 
in table 4 for the lowest state of each irreducible representation. The corresponding 
energies relative to the Td ground state are displayed in fig. 1. It is apparent that the 
lowest two C2V states (B2 and B i ) lie below the lowest Cav state. For completeness, 
distortion to Cs symmetry was allowed as well, and in fact the lowest A' excited state 
(a mixture of the B 1 and Ai C2V states) is found to lie 0.05 eV below IB2 • This 
lowest-energy structure corresponds to a small distortion from C2V and is consistent 
with Murrell's suggestion 21 that the transition state in (3) has less then Czv symmetry. 
The lowest A" Cs state returns to the C2V B2 state on geometry optimization. 
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FIG. I.-Optimal methane states relative to Td grmmd state (SCI). 
In the lowest three Czv states one pair of CH bonds (CH') has much longer 
bondlengths than the other and forms an H/CH' angle of <60°, This results in a 
rather short H'·· ·H' distance. The distorted Cs A' structure also has two rather 
long CH bonds (CH and CI-I') whose average length is similar to RcH' in Czv Bz. 
The C2V structures would suggest cleavage of the two CH' bonds to be most likely, 
while the lowest Cav structure (2A i ) would predict cleavage of CH to forma methyl 
radical. . 
The nature of the bonding in these states is made clearer by the bond energies 
listed in table 5 if one makes the reasonable assumption that the weakest bond 
correlates with the most likely dissociation mode. In the lowest e3V state the CH 
bond is weakest, in agreement with the above discussion, and reaction (4) would 
be predicted for this state in disagreement with the threshold photochemistry. The 
R'· ··H' bond energy is significant in all four C2V states, and in IB;! this bond is nearly 
twke as strong as CH'. This is consistent with the observed photochemistry. In 
the Cs A' state the weakest bond is CR, however H·· +1' is stronger than both CH 
and CH'; thus release of molecular hydrogen is consistent with this stl'Uctllfe as well. 
TABLE 5.-BOND ENERGIES IN METHANE (eV) a 
SECr vertical 
IT, IE 2A-I 
CHp 3.28 3.57 3.57 3.57 
SEcr TdOPT 
IT, ITI IE 2Al 
CHp 3.12 3.42 3,42 3.54 
SECr C2v OPT b 
IB2 IBI 2AI lA, 
CH 4.43 3.35 4.63 3.49 
CH' 1.46 3.22 2.62 3.49 
H/···H' 2.83 1.18 0.31 0.89 
SEcr C3v OPT 0 
2A, lA, IE 
CH 3.10 4.73 2.92 
CH' 3.42 3.07 3.25 
SEcr Cs OPT d 
2A' 
CH 0.99 
CH' 2.20 
CH" 4.42 
H···H' 2.57 
a States listed from left to right in order of increasing energy. For degenerate states bond energies 
are averaged values. b The C2U reference plane is XZ. t H' refers to the three equivalent hydrogens 
in Cs., d HU refers to the two equivalent hydrogens in Cs• 
It has been pointed out 22 that INDO can over-stabilize cyclic structures in 
molecules; thus these results must be viewed with a degree of caution. On the other 
hand, Pople and co-workers have noted 23 that ab initio calculations using minimal 
or double zeta basis sets tend to over~estimate ring strain, while use of extended basis 
sets such as 6-31G* 24. re-introduce stability into cyclic structures. Thus, while it is 
likely that the structures predicted by INDO are extreme, it is most important to 
consider the effect of basis set in ab initio calculations of this type. To this eud we 
are currently re-investigating the excited states of methane using STO-3G, 4-1 G, and 
6-31G* basis sets. 
n is interesting to note that recent semi-empirical 2S and ab initio 26 calculations 
on CRt predict this ion to distort to C2rJ symmetry with a structure similar to that 
of lB2 in table 4. Thus, both ionic (which should closely approximate the Rydberg 
state) and neutral, excited state calcl.llations predict similar behaviour, at least 
qualitatively. 
ETHANE 
In this and larger molecules in this series vertical excitations were investigated 
with SECI and NCI calculations, while geometry optimizations were carried out 
using NCI. Further, in view of the preceeding discussion, geometry optimizations 
were carried out in two steps: optimization of bondlengths only, followed by relaxa-
tion of all geometrical parameters. 
TABLE 6.-BOND ENERGIES IN ETHANE (eV) a 
scr vertical 
bond IAlu IE" lA,,, lEg IA,. 2AI. 
CH 3.80 3.69 3.79 3.62 3.80 3.78 
CC 4.19 3.86 4.16 3.92 3.68 3.24 
NCr vertical 
bond IAl u IE" IA,u lEg lA,. 2AI. 
CH 3.80 3.68 3.80 3.62 3.80 3.77 
CC 4.19 3.83 4.17 3.93 3.69 3.26 
NCr R OPT (Dad) 
bond IAI" IE" IA,u lEg tA,. 2AIg 
CH 3.66 3.55 3.69 3.49 3.71 3.67 
CC 4.59 4.30 4.52 4.19 3.77 3.38 
NCr Dad OPT 
bond JAw IE" IA," IE. lAI. lA,s 
CH 3.63 3.56 3.68 3.50 3.79 3.69 
CC 4.76 4.47 4.62 4.16 2.94 3.87 
NCr R OPT (e2 ,,) b 
bond Au Bll Eg Ag 
CH 3.10 3.96 3.49 3.50 
CH' 3.87 3.37 3.50 3.50 
CC 5.03 4.80 4.52 4.52 
Ncr C2 fJ OPTb 
bond Bu A. A" Eg 
CH 3.71 3.18 3.22 3.50 
CH' 3.98 3.92 3.77 3.52 
CC 4.47 3.65 4.88 4.52 
{f Bondlengths in A, angles in degrees. States listed from left to right in order of increasing energy. 
b CH' refers to four equivalent hydrogens. 
The vertical SECI and NCI bond energies for the lowest state of each irreducible 
representation of D 3d ethane are compared in table 6. The two sets of calculations 
predict the same. ordering of states and virtually the same bond energies. The vertical 
calculations predict the Cll bonds to be weaker than CC in the lowest four states. 
This is in contrast with the ground state (table 3), but in agreement with the observed 
threshold photochemistry.27 The latter again predicts Hz elimination to form 
ethylene, possibly via the intermediate ethylidene (CHsCH): 
It,, 
CZH 6 -» CZH4 +Hz• (5) 
Optimization of bondlengths in DSd symmetry enhances this trend of weakening 
CH bonds and strengthening CC bonds, as shown in tables 6 and 7. The calculated 
bondlengths are in good agreement with the values of 1.37 A(cC) and 1.15 A(CH) 
estimated by Lassettre 28 based on electron impact studies. Relaxation of the angles 
in D3d symmetry has an important effect only on the highest of the six states listed. 
Here, the CCH angle closes to < 100° (table 7) and 2A 1y crosses with IA zo . Other-
wise, bondlengths and bond energies (table 6) undergo relatively small changes. 
TABLE 7.-EXCITED STATE GEOMETRIES IN ETHANE a 
D3d(R OPT) 
lA!u lEu lA2t1 lEg lA2U 2AIlI 
CHp 1.156 1.158 1.148 1.157 1.149 1.150 
CC 1.384 1.389 1.388 1.407 1.440 1.440 
D3d (Full OPT) 
lAw lEu IA2u lEo 2A!1I IA211 
CHp 1.160 1.160 1.149 1.157 1.144 1.151 
CC 1.369 1.378 1.381 1.410 1.496 1.435 
CCIl 120.41 117.87 116.90 109.77 97.65 117.90 
C2 11 (R OPT) b 
Au Bu Eg AD 
CH 1.197 1.135 1.161 1.153 
CH' 1.139 1.169 1.155 1.159 
CC 1.386 1.392 1.408 1.408 
C2 h (Full OPT) b 
Bu AD A" B II 
CH 1.157 1.190 1.184 1.161 
CH' 1.140 1.142 1.148 1.155 
CC 1.405 1.431 1.387 1AD8 
CCH 150.09 72.48 131.60 116.53 
CCH' 100.01 114.24 111.15 108.22 
a Bondlengths in A, angles in degrees. States listed from left to right in order of increasing energy. 
b H' refers to the four equivalent hydrogens. 
Optimization of bondlengths in C2h symmetry results in the AD and B o states 
coalescing back to E g, as depicted in fig. 2. However, the Ell state in Dad symmetry 
splits into Au and Eu states which are separated by about 0.2 eV. These states are 
0.4 and 0.2 eV below the bOl1dlength-optimized Eu state, respectively. In the lower 
of these two states the trans pair of CH bonds is 0.06 A longer and 0.8 eV weaker 
than the set of four equivalent hydrogens, while the reverse trends are apparent in 
the Bu state. In an four states the CC bonds are the strongest in the molecule, in 
agreement with the observed photochemical elimination of H2 .27 However, the 
photochemical evidence indicates that the two hydrogens are eliminated fro111 the 
same carbon,Z7 and only the higher of the two states (Bu) correlates with this result. 
Complete geometry optimization of these CZ1' states results in a splitting of the 
Ay and By states and reversal of the order of Au and Bu. The structure (and con-
comitant energy lowering) of Ay must be considered to be suspect since it results in a 
nonbonded G ..H distance of 1.56 A and a corresponding bond energy of 1.03 eV. 
In the lowest (Bu) state no such" ring structures" are found in spite of the unusually 
large CCH angles for the trans CH bonds. In this state the CH bonds are again 
weaker than CC; however the trans CH bonds are now weaker than the geminal 
ones and no evidence is found for a significant geminal H· . ·H bond energy. 
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FIG. 2.-0ptimal ethane states relative to D 3 d ground state (NeI). 
Further relaxation of ethane to Cs and Cl structures has also been investigated. 
When only bondlengths are allowed to relax, all states in both symmetries return to 
the corresponding CZ1' structures. The same is true for the Cs A" state when all 
geometric parameters are relaxed. For the Cs A' state, which correlates with Bu in 
CZh' one of the CCH angles (150° in BIl) opens to 180°. This and other large angular 
distortions result in this state falling below the ground-state-a forbidden crossing 
which cannot be handled properly within the framework of the present calculations. 
Ab initio calculations have been started to determine if such angular distortions in 
this molecule are real or an artefact of INDO, but are not yet ready. Full geometry 
relaxation of the Cl states was not investigated. 
PROPANE 
The bond energies calculated for the excited singlet states of propane are listed 
in table 8. As pointed out earlier 1 the lowest two vertical (SECI) states result in a 
slight strengthening of the CC bonds and a drastic weakening of the methylene CH 
bonds. This is a reflection of the importance of the configurations in which an 
electron is removed from orbitals which are CC antibonding and CHs bonding and/or 
~xcited into an orbital with the opposite characteristics. These results are consistent 
fvith the observed threshold photochemistry of propane 29 
hv 
CH3 CH2 CH3 ~ (CH3CCH3+H2~) C3 H 6 +H2 • (6) 
[n the upper two states (A 2 and B1) the weakest bond is CC, and the primary CH 
)onds are weakened significantly as well. Comparison of the NCr and SECr bond 
mergies indicates that reduction of the number of configurations by a factor of two 
las only a small quantitative effect. The saine is true with regard to the corresponding 
lxcitation energies. 
TABLE 8.-BoND ENERGIES IN PROPANE (eV) a 
SECI vertical 
bond 1B2(22) 2A 1(30) 1A 2(20) 1Bl(28) 
CHp 4.31 4.33 3.99 3.96 
CHpo 4.11 4.08 4.09 3.86 
CHs 3.11 3.16 3.89 3.85 
CC 3.71 3.75 3.60 3.48 
NCI vertical 
bond IB2(10) 2Al(l2) lA2(12) 1Bj(13) 
CHp 4.32 4.34 3.97 3.95 
CHpo 4.07 4.07 4.15 3.88 
CH. 3.21 3.19 3.84 3.81 
CC 3.70 3.73 3.59 3.50 
NCIROPT 
bond lB2 2Al lA2 2BI 
CHp 4.29 4.32 3.90 3.90 
CHpo 4.08 4.04 4.04 3.85 
CH. 2.79 2.84 3.70 3.58 
CC 4.17 4.19 4.11 3.88 
a States listed from left to right in order of increasing energy. Number of configurations given 
n parentheses. b The plane of the carbons is XZ. 
TABLE 9.-ExCITED STATE BONDLENGTHS IN PROPANE (A)/1 
IBz 2A, 1A2 1BI 
CHp 1.128 1.127 1.135 1.137 
CRpo 1.134 1.136 1.143 1.147 
CR. 1.209 1.206 1.167 1.165 
CC 1.476 1.427 1.419 1.427 
a States listed in order of increasing energy. 
The optimal (NCI) bondlengths for the lowest state, in each irreducible representa-
Jon of C2V are displayed in table 9~ The bondlength changes (relative to the ground 
ltate) largely reflect the vertical bond energy changes: the CC bonds shorten and the 
::::H. bonds lengthen, particularly in the lower two states. This in turn results in a 
:'urther strengthening of the CC bonds and a further weakening of the methylene 
:::::H bonds. Note that after bondlength optimization,· the CH. bonds are the weakest 
.D all four states. 
At shorter wavelengths a second primary process, in which methane is eliminated, 
becomes competitive with reaction (6) :30 
l~v 
CH3CH2 CH3 - CZH4 +CH4 • (7) 
This corresponds to " simultaneous " cleavage of a CC and CHg bond and clearly 
cannot occur within Czu symmetry. Internal methyl rotation is likely to be the most 
energetically facile process for lowering the symmetry of propane; the effect of this 
process on bond energies is currently being investigated. Until the accuracy of the 
angular distortions predicted by INDO for methane and ethane is established by 
non-empirical calculations, it is probably not worthwhile to consider such distortions 
in larger molecules. 
n-BUTANE 
The calculated bond energies for n-butane are listed in table 10. In contrast 
with propane the vertical SECI calculations predict the central CC bond to be weakest 
in all fOUf states. While the methylene CH bonds again weaken significantly in all 
states relative to the ground state, the CsCs bond also weakens slightly. This is 
TABLE lO.-BOND ENERGIES IN n-BUTANE (eV) a 
SECr vertical 
bond IA~(36) 1B u(49) IBg(36) 2Ag(48) 
CRp 4.29 4.35 4.29 4.22 
CRpo 4.27 4.27 4.06 4.02 
CR. 3.61 3.54 3.74 3.81 
CpC 3.76 3.72 3.71 3.69 
CsCs 3.38 3.53 3.42 3.32 
Ncr vertical 
bond IA~(12) IBu(l!) IB.(15) 2Ag(14) 
CRp 4.27 4.34 4.29 4.20 
CRp• 4.21 4.21 4.01 4.01 
CR. 3.67 3.59 3.77 3.82 
CpC 3.75 3.72 3.70 3.70 
C.C. 3.40 3.54 3.43 3.31 
NCr R OPT 
bond IA~ IB" lB. lAg 
CRp 4.28 4.35 4.23 4.18 
CRp• 4.22 4.24 3.93 3.92 
CR. 3.44 3.37 3.71 3.74 
CpC 4.00 3.89 4.12 4.11 
CsC. 3.84 4.11 3.42 3.31 
a States listed in order of increasing energy from left to right. Number of configurations given 
in parentheses. 
likely to be a result of the increasing delocalization of electron density throughout 
the molecule as the length of the molecule increases. The criterion for NCI results 
in elimination of up to 38 configurations (77 %) with resultant bond energy changes 
of no >0.1 eV. 
NCI bondlength optimization in these states (table 11) again reflects the vertical 
bond energy changes, with small increases in the CHs bondlengths and decreases in 
the terminal CC bonds in all states. However, in the lowest two states (Au and Bll) 
the central CC bonds actually shorten. The net effect in these two states is a CsC. 
bond slightly shorter than CpC and CHs bonds which are now weakest in the molecule. 
However, the difference in energy for the two weakest bonds (CsCs and CR.) in n.but~ne is much smaller than in propane. Again, this is probably due to the 
smearmg of electron density as the chain length increases, resulting in a smaller effect 
of electronic excitation on any particular bond. 
TABLE 11.-BoNDLENGTHS IN n-BUTANE EXCITED STATES (A) 
bond IA. IBu lEg lAg 
CRp 1.126 1.125 1.129 1.130 
CRpo 1.127 1.126 1.143 1.143 
CR. 1.173 1.176 1.153 1.152 
CpC 1.443 1.450 1.433 1.432 
Csc. 1.441 1.430 1.474 1.479 
The threshold photochemistry of n-butane has not been studied; however at the 
Xe wavelength the most important primary process is again cleavage of a pair of 
secondary CH bonds to yield butene ;27 
lIv 
n-C4 H10 --l' C4 H s+Hz• (8) 
Based on the experimental results for propane 29, 30 it is likely that this is the threshold 
process. The bondlength-optimized calculations are consistent with eqn (8); 
h~weve:, it is important to point out that the vertical excitations are not consistent 
Wl~ tlus primary process. This is in contrast with the propane results and indicates 
the Importance of excited state geometry optimizations. 
n-PENTANB 
The pentane results are similar to those for n-butane. The vertical calculations 
(table 12) generally predict the central CC bonds to be weakest in spite of a weakening 
of the CR., bonds, particularly in the lowest two states (B2 and A 1 ). In the upper two 
states a slight weakening of CsC. is observed, and little change is predicted for the 
terminal CC bonds. As before, the NCr bond energies differ from those by SECr 
generally by <0.1 eV, even though up to 58 configurations (80 %) have been elimi-
nated. 
The optimal bondlengths in the lowest state of each symmetry are shown in 
table 13. Here again the CC bonds shorten somewhat, particularly in the lower 
states, with the greater effect occurring in the CsC. bonds. At the same time the 
methylene CH bonds lengthen, the greater effect again being in the central (CH.,) 
bonds. In fact, the change in the latter bonds is greater than in the corresponding 
bonds in butane. This may be related to the fact that in both molecules there are 
four symmetry related CR. bonds but only two CH., bonds. As a result, more 
electron density can accumulate in the upper (CR., bonding) occupied and lower 
(CHs' antibonding) virtual orbitals. 
The effect of bondlength optimization is again to render the central methylene 
CH bonds the weakest in the molecule in the lowest two states of n-pentane. While 
the threshold photochemistry of this molecule is not known, the most important 
primary process in this molecule at the Xe wavelength is elimination of the two 
CRs' hydrogens to form pent-2-ene.27 The bond energies in the optimized B2 and A1 
states are consistent with this. Note that while the standard Xe exciting line for 
alkanes is at a fixed wavelength, the excitation energies tend to red shift as the chain 
length increases ;15 thus it is not surprising that the number of important primary 
processes increases with the size of the molecules. This should serve to emphasize 
the need for comparing these calculations with threshold photochemical results. 
TABLE 12.-BOND ENERGIES IN n-PENTANE a 
SCI vertical b 
bond IBz(56) 2Al(74) I Az(54) IB1(72) 
CHp 4.36 4.37 4.23 4.32 
CHpo 4.34 4.34 4.31 4.20 
CHs 3.87 3.85 4.01 3.67 
CHs' 3.59 3.52 3.97 4.17 
CpC 3.68 3.68 3.68 3.72 
CsCs 3.50 3.53 3.33 3.45 
NeI vertical 
bond IB2(17) 2Al(16) IA2(20) IB1Cl4) 
CHp 4.34 4.36 4.22 4.26 
CHpo 4.31 4.32 4.34 4.19 
CHs 3.88 3.87 4.03 3.80 
CHi 3.64 3.54 3.95 4.03 
CpC 3.67 3.68 3.65 3.69 
CsCs 3.57 3.52 3.35 3.35 
NCI R OPT 
bond lB2 2AI lA 2 IBI 
CHp 4.37 4.37 4.21 4.06 
CHpo 4.34 4.37 4.33 4.25 
CHs 3.85 3.86 3.96 3.60 
CHs' 3.21 3.06 3.77 4.04 
CpC 3.73 3.71 3.88 4.06 
CsCs 3.88 3.91 3.68 3.49 
a States listed from left to right in order of increasing energy. Number of configurations given 
in parentheses. b The plane of the carbons is XZ. 
TABLE 13.-BoNDLENGTHS IN n-PENTANE EXCITED STATES (A) 
bond IB2 2AI IA2 lBI 
CHp 1.121 1.126 1.126 1.125 
CHpo 1.124 1.122 1.126 1.131 
CHs 1.149 1.146 1.149 1.165 
CHs' 1.187 1.195 1.164 1.138 
CpC 1.460 1.464 1.442 1.436 
CsCs 1.445 1.444 1.444 1.470 
CONCLUSIONS 
Based on the results presented here, it is clear that SCF calculations with a small 
amount of configuration interaction are capable. of providing structural and bonding 
information which is consistent with observed photochemistry. It is likely that the 
predicted changes in bondlengths and bond energies on excitation are reasonable. 
While it is just as likely that the angular distortions predicted by INDO are less than 
realistic, these results do provide directions for the more accurate calculations now 
in progress. Further, it is probable that analogous calculations carried out on 
excited triplet states will not be subject to unusual changes in bond angles. 
The use of Ruedenberg's interference energy concept 31 to interpret chemical 
bonding is particularly appealing since it isolates that part of the binding energy which 
is purely quantum mechanical in nature, does not require separate atomic calculations, 
and is easily extendable to increasingly accurate wave functions. 
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